One sentence summary: The marine sulfate reducer Desulfobacterium autotrophicum can switch from high to low apparent half-saturation constants for dissimilatory sulfate reduction and remain efficient at micromolar concentrations of sulfate.
INTRODUCTION
Sulfate-reducing bacteria (SRB) constitute a microbial guild of key environmental significance, as dissimilatory sulfate reduction is the main driver of terminal organic matter mineralization in the anoxic seabed (Jørgensen 1982) . Sulfate reduction occurs in the sulfate-rich surface sediment (Canfield, Kristensen and Thamdrup 2005) , in the sulfate-depleted sulfate-methane transition zone (SMTZ) (Iversen and Jørgensen 1985) and even below this zone as part of a cryptic sulfur cycle (Holmkvist, Ferdelman and Jørgensen 2011) . SRB depend on sulfate as their electron acceptor and therefore possess a fast and energyefficient sulfate uptake mechanism . The uptake systems seemingly operate across a wide range of sulfate concentrations, thus enabling the persistence of SRB above, within and below the SMTZ in marine sediments. The rate of sulfate reduction at a given sulfate concentration depends on the properties of both the membrane-bound sulfate transporter(s) and the enzymes involved in sulfate activation and reduction although the kinetics of these individual steps are unresolved. The apparent half-saturation constant (K m ) relates the rate of sulfate reduction in living microbes to the external substrate concentration (Button 1991) . Sulfate reduction that operates with a low K m is efficient at low sulfate concentrations, and is defined as having high-affinity kinetics. Vice versa, sulfate reduction that operates with a higher K m is more sensitive to low sulfate concentrations and is defined as having relatively low-affinity kinetics. We have demonstrated that two distinct K m values of 400 μM at high sulfate concentrations and down to 2-4 μM upon sulfate limitation/depletion exist in sulfate-rich marine surface sediments (Tarpgaard, Røy and Jørgensen 2011) . High-affinity sulfate reduction is known from pure cultures of freshwater SRB, which have K m <10 μM Okabe, Nielsen and Characklis 1992; Dalsgaard and Bak 1994; Fukui and Takii 1994; Sonne-Hansen, Westermann and Ahring 1999) . The only marine SRB, for which apparent sulfate affinities are reported, Desulfovibrio salexigens and Desulfobacter postgatei, exhibit high K m values of 77 and 200 μM, respectively, and thus seem only to possess low-affinity sulfate reduction kinetics Ingvorsen, Zehnder and Jørgensen 1984) .
Indirect evidence for high-affinity sulfate reduction kinetics in pure cultures of marine SRB was established from measurements of sulfate accumulation upon inhibition of sulfate reduction via cooling or via poisioning by O 2 . Both freshwater and marine species of SRB were shown to accumulate sulfate when incubated in sulfate-depleted medium, whereas little accumulation occurred at high sulfate concentrations suggesting the coexistence of two different sulfate uptake systems (Warthmann and Cypionka 1990; Stahlmann, Warthmann and Cypionka 1991; Kreke and Cypionka 1994) . As a general mechanism for sulfate uptake, it was proposed that the accumulation at low external sulfate concentrations was driven by a symport mechanism where three H + or Na + ions were cotransported per SO 4 2− and the low accumulation at high external sulfate concentrations was driven by symport where only two H + or Na + ions were cotransported. The kinetics of uptake and reduction, i.e. the apparent half saturation constants (K m ) of the processes, were not investigated. The shift in sulfate accumulation in several pure cultures at the same concentration threshold (Warthmann and Cypionka 1990; Stahlmann, Warthmann and Cypionka 1991; Kreke and Cypionka 1994) as the shift in K m in marine mud (Tarpgaard, Røy and Jørgensen 2011) , however, suggests a connection. Neither the proteins that transport sulfate across the cell membrane of SRB nor the genes coding for them are known. We must, therefore, infer information about these transporters from the sulfate uptake systems involved in the assimilatory sulfate reduction which have been better characterized. In bacteria, known sulfate transporters driven by an electrochemical potential across the cytoplasmic membrane can be classified into three transporter families (Saier, Tran and Barabote 2006) Based on genome sequence data, SRB harbor several SulP and DASS family homologs and typically only the SulP-encoding genes are assigned a role in sulfate uptake in the genome annotations. We used the marine sulfate reducer, Desulfobacterium autotrophicum HRM2 (Brysch et al. 1987) , as a model organism to resolve whether marine SRB have the capacity for high-affinity dissimilatory sulfate reduction and to investigate how D. autotrophicum adjust its apparent sulfate reduction kinetics to the external sulfate concentration. Initial results indeed identified dual kinetics in D. autotrophicum with a shift in apparent K m at a sulfate concentration around 500 μM. This strain has a fully sequenced and annotated genome (Strittmatter et al. 2009 ), and we could, therefore, extend the study and profile the expression of eight putative sulfate transporter-encoding genes encoded in its genome (Strittmatter et al. 2009 ) to identify the transporter(s) involved in sulfate uptake and thus further illuminate mechanism behind the kinetic flexibility.
MATERIALS AND METHODS

Batch cultures grown at high sulfate concentrations
Desulfobacterium autotrophicum HRM2 T (DSMZ 3382 T , T = type strain) was grown in batch culture at 28
• C in a marine medium (DSMZ 383) with ethanol or lactate (10-20 mM) as electron donor and sulfate (20 mM) as electron acceptor. For kinetic experiments, cultures (100 mL) in rapid growth were harvested by centrifugation (11 000 RCF) for 20 min at 4
• C under a sterile N 2 :CO 2 (9:1, v/v) atmosphere. The supernatant was decanted under a flow of sterile N 2 :CO 2 gas (9:1, v/v) and fresh anoxic medium (DSMZ 383, devoid of sulfate and electron donor, pH 7.1) was added for a second centrifugation (10 000 RCF) for 10 min at 4 • C. After the second washing step, the supernatant was again decanted and cells were resuspended in 60 mL of the anoxic substrate-free medium under a sterile N 2 :CO 2 gas (9:1, v/v) atmosphere in 120 mL serum bottles. The bottles were then capped with butyl rubber stoppers and crimp sealed, ethanol was added to a final concentration of 1 mM and the pH was adjusted to 7.1. The washed cells were pre-incubated at 28
• C until all residual sulfate was used (<24 h), as verified by ion chromatographic measurements (see below), before being used for experiments.
Fed batch cultures grown at low sulfate concentrations
Desulfobacterium autotrophicum was grown at constant and low sulfate concentration with a fed batch system at 28
• C. For each fed batch culture, 100 mL cell culture was washed by centrifugation as described above. Afterwards, the cell pellet was resuspended in 400 mL DSMZ 383 medium without sulfate or electron donor in 500 mL Pyrex bottles closed with a rubber stopper under a sterile N 2 :CO 2 (9:1, v/v) atmosphere. Next, 1 mM ethanol was added and the sulfate concentration was monitored by ion chromatography (IC) to ensure that all residual sulfate was being consumed. After depletion of the residual sulfate, fresh substrates were trickled into the culture by a double programmable syringe pump (TSE Systems model 540210): two 50-mL gas tight BD plastic syringes with the anoxic DSMZ 383 medium, one containing sulfate and one containing ethanol (3:2 molar ratio), were connected to the culture bottle by polyether ether ketone tubing (inner diameter 0.5 mm) and placed side by side on the syringe pump. The two substrates were then added at a constant rate such that the addition of sulfate was slightly slower than the rate of sulfate depletion measured during the pre-incubation (28 • C). Thus, the sulfate was consumed at near the same rate as before but the concentration was kept constantly near zero by the cells. The sulfate concentration was monitored during the experiment along with pH to assure that the cultures were growing under constant sulfate limitation. Cell densities were determined at the beginning and the end of the cultivation by counting of SYBR Gold stained cells under a fluorescence microscope (Mogensen, Kjeldsen and Ingvorsen 2005 
Initial-velocity experiments at high sulfate concentrations
Sulfate reduction rates at medium and high sulfate concentrations from 80 μM to 20 mM were determined in short incubations (28 • C) at quasi-constant sulfate concentrations, referred to as initial-velocity experiments. Cells for initial-velocity experiments were grown in fed batch as described above. Ethanol (1 mM) was added to 100 mL stock culture before 1 mL or 3 mL aliquots were transferred to Hungate tubes containing 5 mL or 3 mL anoxic sulfate-free medium DSM 383 for experiment I and II, respectively. The Hungate tubes were left for 1 h at 28
• C below a sterile N 2 :CO 2 (9:1, v/v) atmosphere before sulfate was added to final concentrations ranging from 0.08 to 20 mM to cover a wide range of initial sulfate concentrations. Subsamples of 400 μL were withdrawn for sulfate concentration measurements (as described above) from the tubes just before 35 
Kinetic parameters
The kinetic parameters, V max and K m , were estimated by nonlinear parametric fits directly to measured rates versus concentration plots (initial-velocity experiments) or concentrations versus time plots (progress curves) as previously described (Tarpgaard, Røy and Jørgensen 2011) using the Michaelis-Menten (MM) rate equation:
where C is the sulfate concentration, V(C) is the sulfate reduction rate as function of sulfate concentration, V max is the maximum sulfate reduction rate at high substrate concentration and K m is the apparent half saturation constant. The rates from the initial-velocity experiments were compared directly to the MM rate equation (Equation 1), where V max and K m were varied until the best fit was achieved (smallest sum of squared deviations between measured and calculated rates). The kinetic parameters in the progress curve experiments were found by fitting data to the differential equation that describes the progressive depletion of sulfate over time when the rate is controlled by Equation 1:
where C(t) is the concentration as function of time and C 0 is the start concentration.
Sulfate measurements
Sulfate concentrations down to 1 μM were determined by IC on a Dionex ICS 2500 equipped with an AS 18 column with KOH as eluent (step profile from 12 to 30 mM, Røy et al. 2014) , and on a Dionex IC-3000 2D IC equipped with the columns AS24 and AS11 with 19 mM KOH as eluent.
To determine micromolar to submicromolar concentrations of sulfate, standards were prepared with the same concentration of NaCl as in the samples to be analyzed. The supernatant samples drawn from the progress curve experiments were diluted 2-fold. For the initial-velocity experiments, samples were diluted in Milli-Q water to ≤400 μM sulfate.
The ratio of sulfate radioactivity to sulfate concentration was established at the start of each progress curve experiment. The sulfate concentration during depletion could then be calculated with high precision and sensitivity from the residual sulfate radioactivity and could, in addition, be calibrated against the ICderived concentration data to obtain high accuracy.
Gibbs free energy
Sulfate reduction coupled to complete ethanol oxidation follows the stoichiometric equation:
The change in Gibbs free energy, G r during the reaction was calculated at pH 7.1 and 28
• C according to
where G • is calculated under standard conditions, R is the gas constant (0.008314 kJ mol 
RNA extraction
Cultures (50 mL) growing at high sulfate concentrations (15 mM) with excess ethanol or lactate were harvested by centrifugation (11 000 RCF) for 4 min at 4
• C under an sterile N 2 :CO 2 (9:1, v/v) atmosphere in Falcon tubes. The supernatant was quickly decanted and the pellets snap-frozen in liquid N 2 and stored at -80 • C until RNA extraction. Cells subjected to low sulfate concentrations (<70 μM) were initially centrifuged and resuspended in 50 mL of sulfate-free medium under an N 2 :CO 2 (9:1, v/v) atmosphere. Ethanol or lactate was added (1 mM) and after 1 to 3 days all residual sulfate was depleted as inferred from IC measurements. Additional sulfate (10-70 μM) was added, and the cells were allowed to respire sulfate for a few hours before they were harvested for RNA extraction as described for the high sulfate concentration cultures above. Cultures used for progress curves were harvested for RNA extraction immediately after complete sulfate depletion at the end of the experiments. Cell pellets used for RNA extraction were thawed on ice upon addition of 100-500 μL RNAprotect Bacteria reagent (Qiagen, Copenhagen, Denmark). Total RNA was extracted using the RNeasy Mini Kit (Qiagen). Cells were lyzed by lysozyme treatment according to the RNeasy Mini Kit protocol followed by mechanical disruption in a lysing Matrix E tube from the Fast DNA Spin kit for soil (MP Biomedicals, Santa Ana, CA) with a Tissuelyser (Qiagen) at 50 oscillations s −1 for 20 s. Residual DNA was removed from purified RNA by DNase treatment for 30 min at 37
• C (Turbo DNase, Ambion, Thermo Fischer Scientific, Waltham, MA) followed by a final RNA clean up step with the RNeasy Mini Kit (Qiagen). The amounts of RNA extracted were quantified with the Qubit RNA BR Assay Kit (LifeTechnologies).
Gene identification, primer design and RT-PCR
With the IMG online platform (Markowitz et al. 2012 A.1.6.1) targeted by TIGR00968, TIGR00969 and TIGR00971. Because no specific PFAM models exist for CysPTWA, the genome was also searched for CysPTWA homologs with the COG (models COG1118, COG4208, COG1613 and COG4150) for this transporter (Tatusov et al. 2001) . The D. autotrophicum genome was furthermore searched for homologs of the putative membranebound sulfate transporter CysZ known from Escherichia coli and Corynebacterium glutamicum (Parra et al. 1983; Rückert et al. 2005) by Blastp searches (Altschul et al. 1997) with the CysZ protein sequences of E. coli and C. glutamicum as queries. However, no positive hits were obtaining with an e-value cutoff of 10 −5 .
Three SulP family transporters (SulP1 -HRM2 13280, SulP2 -HRM2 33490, SulP3 -HRM2 40360) and five DASS family transporters (HRM2 07790, HRM2 38230, HRM2 38270, HRM2 38300, HRM2 40290) were identified in the D. autotrophicum genome. Known sulfate transporters of the DASS family are mostly eukaryotic while characterized bacterial members transport dicarboxylic acids. However, a DASS family permease of Rhodobacter capsulatus was shown to transport sulfate demonstrating that bacterial members of this family may also mediate sulfate uptake (Gisin et al. 2010) . The CysP/PiT family members are known to transport phosphate, but also include one sulfate transporter, CysP of Bacillus subtilis (Mansilla and de Mendoza 2000) . As D. autotrophicum possesses only one gene which belongs to this family (HRM2 22920) and which shares little similarity with, and is twice the length of, the B. subtilis CysP, we assume that HRM2 22920 is involved in phosphate rather than sulfate uptake. The D. autotrophicum genome does not encode proteins representing the ATP-dependent sulfate uptake system which is in accordance with the previous observation that accumulation of sulfate in D. autotrophicum was not correlated with the cellular ATP content (Stahlmann, Warthmann and Cypionka 1991) .
Eight primer sets were designed for the SulP and DASS family sulfate transporter-encoding genes identified in the D. autotrophicum genome along with three other primer sets respectively targeting the genes dsrB, aprA and rpoB. Primer sequences and expected product sizes are given in PCR products were evaluated on 1.5% (wt/vol) agarose gels. All primers produced a single amplification product of the expected size. The temperature gradient PCR showed 57
• C to represent an appropriate annealing temperature for all primer pairs. Reverse transcription (RT)-PCR was carried out in 25 μL reaction mixtures with 2.5 μL DNase-treated RNA template containing 2.5 ng μL −1 RNA and 0.5 μL of each primer (10 pmol extracts was confirmed by parallel PCR reactions with primer pairs targeting the dsrB, aprA, rpoB and 16S rRNA genes (Table 1) . These PCR reactions were performed with the Hot StarStarTaq Master Mix Kit (Qiagen), which is based on the same Taq polymerase as the OneStep RT-PCR Kit. Reaction conditions and thermal cycling were the same as used for the RT-PCR except that the initial 30 min RT step was omitted. RT-PCR products were evaluated by 1.5% (wt/vol) agarose gel electrophoresis. Gels were stained for 40 min in a 1 X SYBR Gold (Thermo Fischer Scientific) solution in TAE buffer (40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA) pH 8.3, and visualized on a GelDoc 2000 system (BioRad, Copenhagen, Denmark). The intensity of bands on gel images was evaluated by visual inspection and used as a proxy for high, low or absence of gene expression.
RESULT
Progress curves
Sulfate consumption of Desulfobacterium autotrophicum followed simple MM type saturation kinetics when subjected to sulfate concentrations below 100 μM. A typical progress curve for D. autotrophicum is presented in Fig. 1 . Depending on the cell densities, the maximum sulfate reduction rate in these experiments varied from 12 to 43 μM h −1 . removed by precipitation, the supernatants from nine experiments were subjected to cold chromium reduction distillation. For these distillations, the residual 35 S-sulfide pool was determined by scintillation counting on reduced distillate trapped as zinc sulfide, while the 35 S-sulfate pool was determined in the remaining chrome acid reagents after distillation. The calculated mean residual sulfate was 26 nM (±23 SD), i.e. insignificant for the kinetic experiment. The constant pool of radioactivity that remained after 6-12 h was therefore not 35 S-sulfate but rather residual 35 S-sulfide not removed by precipitation and centrifugation. The decrease in sulfate radioactivity over time was equivalent to the net sulfate reduction to sulfide, as the decrease in 35 S sulfate was mirrored by an increase in H 2 35 S (Fig. 2) . The mean total 35 S tracer recovery was only 96% due to the incomplete separation of Zn 35 S in the first centrifugation from which samples were taken for this analysis. We analyzed both the sulfate radioactivity and the sulfate concentration to test whether the decrease in sulfate radioactivity over time was proportional to the decrease in the free sulfate pool. The latter, measured by IC, showed a similar decrease as the former, thus confirming that the sulfate radioactivity was proportional to the sulfate concentration throughout the experiment. The depletion of sulfate could be followed by IC down to 2.5 μM when sulfide was removed with CO 2 immediately after sampling. As a methodological observation, sulfate formed from oxidation of sulfide could be up to 30 μM when samples were not flushed immediately with CO 2 .
Initial-velocity experiments combined with progress curves
Sulfate reduction rates in the initial-velocity experiments resembled MM kinetics at concentrations above 1 mM sulfate, but with a lower apparent K m than what was observed in progress curve experiments. Figure 3a shows a combined plot of initial- velocity experiment data from fed batch cultures from experiment I and II and, progress curve data generated from fed batch experiment II (also shown in Fig. 1 ) with rates expressed as cellspecific sulfate reduction rates at all concentrations tested. The combination of progress curve and initial-velocity experiments made it possible to measure the sulfate reduction rate across a broad range of sulfate concentrations. Note that cell-specific sulfate reduction rates from the two methods agree in the concentration range that was covered by both methods. Figure 3a shows the entire sulfate concentration range, 0-20 mM, of the experiments but it is very difficult to distinguish sulfate reduction rates at sulfate concentrations below 1 mM. Figure 3b shows rates in the range from 0 to 1 mM sulfate and identifies the high-affinity sulfate reduction at the low concentration range that was revealed by the progress curve experiments already. When the cell-specific sulfate reduction rate is plotted against sulfate concentration on a log scale across the entire concentration range, a clear shift in both apparent affinity and maximum sulfate reduction rates at concentrations between 100 and 500 μM is evident (Fig. 3c) . We interpret these data as dual MM kinetics with highaffinity kinetics at low sulfate concentrations (<500 μM) determined from the progress curve experiment (Fig. 1) , where K m was 10.2 μM and V max was 14.2 fmol cell
example. For the low-affinity sulfate reduction expressed at sulfate concentrations above 500 μM, the best-fit K m value was 147 μM and the V max was 18.9 fmol cell −1 d −1 (these dual MM kinetics curves are shown in Fig. 3 ). In summary, the data show that D. autotrophicum reduces sulfate in the typical marine concentration range with a K m that is similar to what is reported for other marine strains. However, at sulfate concentrations below 500 μM D. autotrophicum shifts its apparent K m down to similar values as those reported for freshwater SRB. The shift was immediate and not related to the prior growth conditions.
RT-PCR
We analyzed the expression of eight putative membranebound sulfate transport proteins in D. autotrophicum to detect if the observed change in K m was associated with a change in expression of any of these genes. The analyses were performed by standard RT-PCR assays with primer pairs (Table 1) targeting the respective genes using RNA extracted from D. autotrophicum cultures grown under low (μM) or high (mM) sulfate concentrations.
The expression of the genes rpoB, aprA and dsrB, respectively, encoding the RNA polymerase and two key enzymes of the sulfate reduction pathway as well as 16S rRNA were used as references for comparison of the expression of the genes encoding putative sulfate transport proteins. The results clearly showed a + indicates the detection of expression of a gene by the presense of a detectable RT-PCR product by agarose gel electrophoresis, ++ and + indicating high or low intensity of the resultant band of the RT-PCR product. -indicates the absence of a detectable RT-PCR product. The three proteins with complementaty transcription profiles are marked by red and blue shading. Representative agarose gel pictures of RT-PCR products are shown in Fig. S1 . Lac, lactate; Eth, ethanol; n, number of replicate incubation experiments analyzed; ND, not determined; rpoB, RNA polymerase; dsrB, Dissimilatory sulfite reductase; aprA, Adenosine-5 -phosphosulfate reductase. Gene product names of the shown genome locus tags are presented in Table 1 . a All cells from progress curve experiments experienced only ethanol during the final 12 h before sampling for RNA. b 16S rRNA was present in high abundance in RT-PCR products from both high and low sulfate cultures. differential regulation of transcription of some of the genes coding for sulfate transport proteins in cultures grown under high or low sulfate concentrations (Table 2 , Fig. S1 , Supporting Information). A DASS family Na + -dependent transporter (HRM2 38300)
showed consistent expression only at low sulfate concentrations, whereas another DASS family transporter (HRM2 40290) was only expressed at high sulfate concentrations (Table 2 , Fig. S1 ). The three other assayed DASS family transporters were expressed at both high and low sulfate concentrations. The expression of the H + -dependent transporter SulP3 was only detected when the sulfate concentration was high. A second member of the same transporter family, SulP2, was expressed at both high and low sulfate concentrations, while SulP1 was not expressed at all in our experiments. The expression of dsrB and aprA was high at both high and low sulfate concentrations, whereas rpoB showed a reduction in expression level under low sulfate concentrations; 16S rRNA RT-PCR products were formed in equally high amounts at both sulfate concentrations (Table 2 , Fig. S1 ).
DISCUSSION
High and low sulfate reduction kinetics in SRB
Marine sulfate reducers have traditionally been ascribed a low affinity toward sulfate in response to the high concentrations of sulfate in seawater. But our recent studies of sulfate reduction kinetics in marine sediment have shown that the natural microbial community will change from reduction of sulfate with low sulfate affinity at high concentrations to high-affinity kinetics when sulfate is depleted (Tarpgaard, Røy and Jørgensen 2011) . Whether the different affinities were due to different populations of SRB expressing either high-or low-affinity sulfate reduction kinetics, or if the shift in affinity was a result of regulation at the cellular level, was not resolved by the published experiments. The results presented here with Desulfobacterium autotrophicum demonstrate that both high-and low-affinity kinetics can be expressed in a single marine SRB species. K m was independent of the sulfate concentration during previous growth and changed immediately in response to a change in the external sulfate concentration. The high-affinity K m value (2.6 μM sulfate) previously observed in sediment from Aarhus Bay is even lower than the value now determined for D. autotrophicum (8 μM sulfate ±2.6 SD) and also lower than those found in many freshwater SRB strains with K m values ranging from 3 to 32 μM Nethejaenchen and Thauer 1984; Okabe, Nielsen and Characklis 1992; Dalsgaard and Bak 1994; Fukui and Takii 1994; Sonne-Hansen, Westermann and Ahring 1999) . This indicates that D. autotrophicum is not the only marine SRB that can induce high-affinity sulfate reduction and that SRB that are even more efficient under sulfate-depleted conditions than D. autotrophicum are present in marine sediment. We found that D. autotrophicum change its K m value when sulfate concentrations decreased below 100-500 μM. This bears striking resemblance to previous studies of sulfate accumulation in SRB cultures with blocked sulfate reduction. Stahlmann, Warthmann and Cypionka (1991) found that D. autotrophicum had a maximum sulfate accumulation factor of ∼1000 times (C internal /C ambient ) with an ambient sulfate concentration of 2.6 μM. The accumulation factor decreased to <30 when 1 mM sulfate was added, which suggested a shift between two different sulfate uptake systems depending on the ambient sulfate concentration. Similar observations were made for two freshwater SRB species, Desulfovibrio desulfuricans and Desulfobulbus propionicus, and for the marine species, Desulfococcus multivorans and Desulfovibrio salexigens, as well (Cypionka 1989; Warthmann and Cypionka 1990; Kreke and Cypionka 1992; Kreke and Cypionka 1994) . In all cases, the accumulation factor increased substantially when the ambient concentration decreased below 100 μM. Common to these studies was that no kinetic experiments were performed (and no K m values could be reported) since sulfate reduction was blocked. The most likely link between sulfate accumulation and reduction affinity is that accumulation will expose the enzymes in the cytoplasm to increased sulfate concentrations. The effect is a decrease of the apparent K m because this parameter is derived from the relation between the rates of reaction and the sulfate concentration in the environment. We believe that the capacity to shift from low-to high-affinity sulfate reduction kinetics, via a shift in uptake system, in response to decreasing ambient sulfate concentrations is not unique for D. autotrophicum. Other sulfate reducers in which the sulfate accumulation capacity is regulated in response to the ambient sulfate concentration (Stahlmann, Warthmann and Cypionka 1991) most likely also have dual apparent K m .
Expression of membrane-bound sulfate transporters
Our identification of the shift in K m in at low sulfate concentrations in D. autotrophicum, and the link between sulfate reduction kinetics and sulfate accumulation, led us to screen the D. autotrophicum genome for membrane-bound sulfate transport proteins the differential expression of which could explain the response. The identity and kinetic properties of membrane-bound transporters involved in sulfate uptake in SRB are, however, poorly understood. By searching for homologs of transporters with a known function in assimilatory sulfate uptake across the cytoplasmic membrane in bacteria and eukaryotes, we identified eight putative sulfate transporters encoded in the D. autotrophicum genome. All eight represent H + -dependent (DASS family) or Na + -dependent (SulP family) symporters, which agrees with the observation that D. autotrophicum cells power sulfate uptake by electromotive force (Stahlmann, Warthmann and Cypionka 1991) . The expression pattern of the genes encoding the putative transporters was very reproducible for both high and low sulfate conditions ( Table 2) . Some of the transporters had clearly different expression patterns under low and high sulfate conditions, which indicates that a high-affinity system was indeed induced when sulfate concentrations dropped below 70 μM, whereas at 15 mM a high-affinity system was closed down and a low-affinity system was active. Note that it would be counterproductive for cells to have a highly accumulating transporter active at the same time as a less accumulating system because the electromotive transporters are bidirectional. The sulfate pumped into the cytoplasm by the highly accumulating transporter would simply flow out through the low accumulating transporter at a net expense of one proton per sulfate molecule (or one equivalent sodium ion).
Members of the SulP family are generally characterized as H + -dependent high-affinity sulfate symporters. For D. autotrophicum, only one of these transporters, SulP 3, was differentially expressed being downregulated by sulfate limitation (Table 2) , while HRM2 33490 was expressed at both sulfate concentrations. Sulfate uptake in D. autotrophicum was shown to be Na + dependent, and not H + dependent (Stahlmann, Warthmann and Cypionka 1991) , suggesting that the SulP symporters are not its primary sulfate transporter. Indeed, a DASS family Na + -dependent putative sulfate transporters showed increased expression levels at low sulfate concentrations (HRM2 38300, Table 2). It should be noted that the DASS family transporters are typically attributed a function in uptake of divalent organic acids in bacteria (Saier, Tran and Barabote 2006) . However, we hypothesize that HRM2 38300 is involved in high-affinity sulfate transport since its expression increases at low external sulfate concentration. In agreement, Wöhlbrand et al. (2016) recently inferred a role of DASS-type transporters in sulfate uptake in the sulfate reducer Desulfobacula toluolica. HRM2 38300 and HRM2 38230, which show a tendency for differential expression under high and low sulfate conditions ( autotrophicum proved to deplete sulfate down to a few nM. Thus, we found no threshold concentration above the thermodynamic limit and the relatively high threshold concentrations reported previously Ingvorsen, Zehnder and Jørgensen 1984 ; Sonne-Hansen, Westermann and Ahring 1999) might be due to experimental problems in the separation of sulfate and sulfide. During the progress curve experiments, the sulfate concentrations dropped from 70 μM to a few nanometers. Throughout this concentration range, dsrB and aprA (Table 2) , which are responsible for key steps in the dissimilatory sulfate reduction, remained expressed. The expression of dsrB and aprA at nM sulfate concentrations and no sulfate reduction indicates that these genes are constitutively expressed in D. autotrophicum, which was also reported previously for dsrB in this species (Neretin et al. 2003) .
We found that the expression of the RNA polymerase (rpoB) was somewhat reduced under sulfate limitation (Table 2) during progress curve experiments, which may imply an overall reduction in cellular metabolic activity and gene expression in response to the low sulfate availability.
The limits of adaptation
According to the laws of thermodynamics, the energy yield from chemical reactions decreases with decreasing concentration of reactants. Consequently, the sulfate reduction of D. autotrophicum cannot follow MM kinetics all the way to complete sulfate depletion and the reaction rate must taper off as the reaction approaches thermodynamic equilibrium. The extent of thermodynamic control (F) can be calculated according to Jin and Bethke (2003) :
where G r is the Gibbs free energy of the reaction, R is the gas constant and T is absolute temperature. F is an independent factor in a kinetic expression that takes into account the balance between forward and reverse reaction. Thus, F is 1 for a reaction far from thermodynamic equilibrium and approaches zero as the reaction approaches thermodynamic equilibrium at G r = 0. During the progress curve experiments with excess ethanol, the calculated G r (Equation 4) changed from -65 to -39 kJ mol
sulfate when the sulfate concentration dropped from 100 μM down to 1 nM. According to Equation 5, the forward drive of the reaction was ∼1 throughout the range and we expect no thermodynamic influence on the reaction rate. Sulfate reducers couple sulfate reduction to energy conservation via ATP generation. The minimum quantum of energy that can be coupled to ATP generation is ∼10 kJ mol −1 reaction (Jin and Bethke 2003) , leaving the energetic yield of the overall coupled reaction at only -29 kJ mol −1 , but this is still sufficient to make the F approach 1. The reaction rate was therefore not under thermodynamic control. The applied concentration of electron donor (1 mM) in our experiments is, however, much higher than can be expected for a sulfate-depleted marine habitat. An important marine setting where sulfate is depleted is the upper part of the methanogenic zone of coastal sediments. Here the sulfate concentration may be in the range of 0-100 μM and the concentration of the quantitatively most important substrate, acetate, may be 10 μM (Jørgensen and Parkes 2010) . The pH is generally close to neutral, HS − may be up to 10 mM and HCO 3 − up to 40 mM (Holmkvist, Ferdelman and Jørgensen 2011; Tarpgaard, Røy and Jørgensen 2011) . Under those conditions, F is still high, 0.9, at a sulfate concentration of 2 μM but decreases to 0.1 at 0.2 μM sulfate. Thermodynamic control may thus start to play a role under in situ conditions when the sulfate concentration drops below 1 μM.
In conclusion, the high-affinity enzymatic systems responsible for uptake and reduction of sulfate in D. autotrophicum are under kinetic control down to sulfate concentrations much below the K m of 8 μM. The sulfate reduction operates down to submicromolar concentrations where the control on sulfate reduction rate changes from kinetic to thermodynamic limitation in natural sulfate-depleted environments. Such low sulfate concentrations may be reached only deep down beneath the main sulfate zone of marine sediment, in the lower methane zone where also pore water sulfide has been depleted (Holmkvist, Ferdelman and Jørgensen 2011) .
CONCLUSION
Desulfobacterium autotrophicum changes its apparent K m toward sulfate in response to the external sulfate concentration. The mechanism is via differential expression of sulfate transporters that lead to relatively increased internal sulfate concentration in the cytoplasm at low concentrations in the environment. The most likely regulated genes encoded for the DASS family of Na + -dependent transporters. The low accumulation system prevents high ambient sulfate concentrations from causing excessive loading of the cytoplasm with sulfate and the concurrent increase in K m has no effect on the rate of reaction at high sulfate concentrations. The high-affinity system allows D. autotrophicum to operate efficiently at decreasing sulfate concentrations until thermodynamics dictate the reaction to stop. No other lower threshold concentration for sulfate reduction was observed. The dual K m is most likely common among sulfate reducers and helps explain how sulfate reduction can proceed in marine sediments at very low sulfate concentrations such as in the SMTZ or the underlying methanogenic zone (Leloup et al. 2007; Holmkvist, Ferdelman and Jørgensen 2011) .
